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Occludin is an integral membrane protein that is
concentrated at tight junctions (zonulae occludentes) in
simple epithelial cells. ZO-1 and ZO-2 are peripheral
membrane proteins that are localized at tight junc-
tions in simple epithelial cells and at cadherin-based
adherens junctions in nonepithelial cells. In this study,
we investigated the expression and subcellular distribu-
tion of occludin, ZO-1, and ZO-2 in rodent skin.
Immunoblotting detected all of these molecules in
isolated epidermis, but the occludin/ZO-1 (or occludin/
ZO-2) ratio was significantly lower than that in cultured
simple epithelial cells. In the epidermis of adult skin,
occludin was concentrated at cell–cell borders only in
the most superficial zone of the granular cell layer,
whereas ZO-1 and ZO-2 were distributed in a much
broader zone from the spinous to the granular layers.
The tight junction (zonula occludens) is a well-developedintercellular adhesion apparatus in simple epithelial cellsand endothelial cells, which is located at the most apicalpart of their lateral membranes (Farquhar and Palade,1963). In these cells, tight junctions (TJ) seal cells to
create a primary barrier to the diffusion of solutes across the cell sheet,
and it also functions as a boundary between the apical and basolateral
membrane domains to create their polarization (Gumbiner, 1987, 1993;
Schneeberger and Lynch, 1992; Anderson and Van Itallie, 1995). In
thin-section electron microscopy, TJ appear as a series of discrete sites
of apparent fusion, involving the outer leaflet of the plasma membrane
of adjacent cells (Farquhar and Palade, 1963). In freeze-fracture electron
microscopy, this junction appears as a set of continuous, anastomosing
intramembrane strands or fibrils in the P-face (the outwardly facing
cytoplasmic leaflet) with complementary grooves in the E-face (the
inwardly facing extracytoplasmic leaflet) (Staehelin, 1973).
Whether TJ occur and function in stratified epithelial cells such as
the epidermis remains controversial. Elias et al reported that TJ in
epidermis were either absent or too fragmentary to constitute an
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During mouse skin development, this peculiar distribu-
tion of occludin in the epidermis appeared when the
periderm, a simple epithelium bearing typical occludin-
based tight junctions, was sloughed off at embryonic day
16.5 of gestation. Freeze-fracture electron microscopy
identified the so-called focal strands or maculae
occludentes, i.e., spot tight junction-like structures,
between adjacent granular cells, and anti-occludin
monoclonal antibody exclusively labeled these focal
strands. In hair follicles, occludin and ZO-1 were co-
localized at cell–cell borders in Henle’s layer and the
cornifying cuticle of the inner root sheath. In addition,
ZO-1 but not occludin were localized weakly at the outer
root sheath and intensely at the hair cortex/matrix. Key
words: occludin/tight junction/ZO-1/ZO-2. J Invest Dermatol
110:862–866, 1998
effective barrier (Squier, 1973; Elias and Friend, 1975; Elias et al, 1977;
Elias, 1996). On the other hand, Hashimoto reported that TJ were
involved in the occlusion of granular cells (Hashimoto, 1971).
Considering that during embryogenesis of the epidermis stratified
epithelial cells are differentiated from simple epithelial cells, it is worth
examining the expression and subcellular distribution of TJ-associated
integral and peripheral proteins in the epidermis.
ZO-1 with a molecular mass of 220 kDa is a TJ-associated peripheral
membrane protein (Stevenson et al, 1986, 1989; Anderson et al, 1988).
This molecule is localized in the immediate vicinity of the plasma
membrane of TJ in epithelial and endothelial cells, whereas it is
occasionally colocalized with cadherins in cells lacking TJ, such as
fibroblasts and cardiac muscle cells (Itoh et al, 1991, 1993; Howarth
et al, 1992; Tsukita et al, 1992). ZO-2 with a molecular mass of 160 kDa
was identified as a ZO-1-binding protein by immunoprecipitation
(Gumbiner et al, 1991; Jesaitis and Goodenough, 1994). Furthermore,
monoclonal antibodies identified three other TJ-specific peripheral
proteins named cingulin, 7H6 antigen, and symplekin (Citi et al, 1988;
Zhong et al, 1993; Keon et al, 1996).
In contrast, an understanding of TJ-associated integral membrane
proteins was lacking until occludin was identified. Occludin with a
molecular mass of 65 kDa was first isolated from a chicken using
monoclonal antibodies, and its cDNA was cloned and sequenced
(Furuse et al, 1993). Mammalian homologs of occludin were identified
3 y later (Ando-Akatsuka et al, 1996). The amino acid sequences of
human, murine, and canine occludins are very closely related (90%
identity), whereas they have diverged considerably from those of the
chicken. Regardless of this interspecies diversity in the occludin
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sequence, the basic structure appears to have been conserved during
phylogenetic evolution. Mammalian as well as chicken occludins are
comprised of four transmembrane domains, a long carboxyl-terminal
cytoplasmic domain, a short amino-terminal cytoplasmic domain, two
extracellular loops, and one intracellular turn. Characteristic conserved
aspects are the high content of tyrosine and glycine residues in the
first extracellular loop (60%), which may be directly involved in cell
adhesion (Furuse et al, 1996), and the helical coiled-coil structure in
the long carboxyl-terminal cytoplasmic domain, which is responsible
for the direct interaction of occludin with ZO-1 (Furuse et al, 1994).
There is little information regarding these TJ-associated proteins in
the epidermis. In this study, we examined the expression and subcellular
distribution of occludin as well as ZO-1 and ZO-2 in rodent skin.
Furthermore, we followed its developmental changes from the simple
epithelial cells of periderm to matured stratified epithelial cells of the
epidermis. The results of this study will lead us to a better understanding
of the possible functions of TJ in the epidermis and the relationship
between simple and stratified epithelial cells.
MATERIALS AND METHODS
Antibodies and tissues Rat anti-mouse occludin monoclonal antibody
(MoAb), MOC37 (Saitou et al, 1997), and MOC60 (Saitou et al, in preparation),
rabbit anti-mouse occludin pAb (Saitou et al, 1997), mouse anti-mouse ZO-1
MoAb T8754 (Itoh et al, 1991), rabbit anti-mouse ZO-1 pAb (Itoh et al, 1993),
and rabbit anti-mouse ZO-2 pAb (Itoh et al, in preparation) were used. All
pAb were affinity purified using the respective recombinant proteins produced
in Escherichia coli.
Male and female ddY mice were mated at 5:00 pm. The gestational days
were counted from the day on which vaginal plugs were formed. On days 12.5
through 17.5, we sacrificed pregnant female mice and removed embryos.
Newborn, 7.5 day old, and adult mice were also sacrificed. The trunk or nose
skin of these mice and the footpad skin of adult Wistar rats were dissected away
from the underlying muscle.
Immunofluorescence microscopy All samples were frozen using liquid
nitrogen. Frozen sections µ8 µm thick were cut on a cryostat, mounted on
glass slides, air-dried, and fixed in 95% ethanol at 4°C for 30 min followed by
100% acetone at room temperature for 1 min. They were then rinsed in
phosphate buffered saline (PBS) containing 0.2% Triton X 100 for 15 min,
blocked with 1% bovine serum albumin/PBS for 15 min, and incubated with
primary antibodies. After washing with PBS three times for 1 min each time,
samples were incubated for 30 min with rhodamine-conjugated donkey anti-
rabbit IgG (Chemicon International, Temecula, CA), Cy2-conjugated goat
anti-rat IgG (Amersham International, Amersham, U.K.), or FITC-conjugated
sheep anti-mouse IgG (Amersham International). After washing with PBS, they
were embedded in 95% glycerol-PBS containing 0.1% para-phenylendiamine
and 1% n-propylgalate, and examined with a Zeiss Axiophot photomicroscope
(Carl Zeiss, Jena, Germany).
Immunoblotting Back skin of new born ddY mice was dissected away
from the underlying muscle, incubated in PBS at 55°C for 15 min, and only
the epidermis was stripped away from the underlying dermis. The isolated
epidermis was lyzed directly in sodium dodecyl sulfate-sample buffer containing
2% 2-mercaptoethanol and boiled for 5 min. Lysate of cultured mouse mammary
gland epithelial cells (MTD-1A) was used as a control. Samples (15 µg protein
per lane) were separated on 10% sodium dodecyl sulfate-polyacrylamide gels
and blotted electrophoretically onto nitrocellulose membranes. Membranes
were washed with Tris-buffered saline, blocked with Tris-buffered saline
containing 5% skimmed milk, and then incubated with affinity-purified anti-
occludin pAb, anti-ZO-1 MoAb, or affinity-purified anti-ZO-2 pAb without
dilution. Bound antibodies were detected using a blotting detection kit with
alkaline phosphatase-conjugated immunoglobulin (Amersham International).
Immunoelectron microscopy on freeze-fractured replicas Details of
the immunoelectron microscopic procedure for freeze-fracture replicas were
described by Fujimoto (1995). Mice trunk skin at embryonic day 17.5 of
gestation (E17.5) was removed and incubated in 0.5% collagenase type 1 and
2 for 1 h, then the epidermis was removed from the dermis. The epidermis
was quickly frozen by being slammed against a copper block cooled by liquid
helium gas (Heuser et al, 1979). Frozen samples were fractured at –110°C and
platinum-shadowed unidirectionally at an angle of 45° in a Balzers Freeze
Etching System (BAF 400T; Balzers, Hudson, NH). Samples were immersed
in sample lysis buffer containing 2.5% sodium dodecyl sulfate, 10 mM Tris-
HCl, and 0.6 M sucrose, pH 8.2 for 12 h, then in 9 M urea containing 2%
2-melcaptoethanol for 12 h at room temperature to completely solubilize the
Figure 1. Three TJ-associated proteins, occludin, ZO-1, and ZO-2, are
detected in newborn mouse epidermis by immunoblotting. Sodium
dodecyl sulfate lysates of newborn mouse epidermis (Ep) or cultured mouse
simple epithelial cells (MT; MTD-1A) were electrophoresed (15 µg per lane),
transferred onto nitrocellulose membranes, and incubated with anti-occludin
pAb (occludin), anti-ZO-1 MoAb (ZO-1), or anti-ZO-2 pAb (ZO-2). Occludin,
ZO-1, and ZO-2 (arrows) were detected in both types of cells, but the occludin/
ZO-1 (or occludin/ZO-2) ratio was significantly lower in the epidermis than
that in MTD-1A cells.
cornified layer. Replicas floating off samples were washed with PBS. Under
these conditions, integral membrane proteins were captured by the replicas,
and their cytoplasmic domains were accessible to antibodies. Replicas were
incubated with anti-occludin MoAb, MOC37, or MOC60, for 12 h, then
washed with PBS several times. They were incubated with goat anti-rat IgG
coupled to 10 nm gold (Amersham International). Samples were washed with
PBS, picked up on formvar-filmed grids, and examined in a JEOL 1200EX
electron microscope at an accelerating voltage of 80 kV.
RESULTS
Epidermis was isolated from newborn mice, and the expression levels
of occludin, ZO-1, and ZO-2 were examined by immunoblotting
(Fig 1). For comparison, cultured mouse simple epithelial cells,
MTD-1A, were used. As previously reported, occludin was detected
as multiple bands around 65 kDa in simple epithelial cells, but a single
band of 65 kDa in the isolated epidermis. ZO-1 and ZO-2 were also
identified as 220 kDa and 160 kDa bands, respectively, in epidermis
as well as in MTD-1A cells. The differences in ratio of expression
levels between occludin and ZO-1 or occludin and ZO-2 were
significant. In the epidermis, the ratio was lower than that in MTD-
1A cells.
Frozen sections of nose skin of adult mice were then double stained
with rat anti-occludin MoAb and mouse anti-ZO-1 MoAb.
Occludin was concentrated at cell–cell borders only in the restricted
layer of the epidermis, i.e., the most superficial zone of the granular
layer (Fig 2a, c). In contrast, ZO-1 signal was detected in a much
broader layer of the epidermis (Fig 2b). ZO-1 was concentrated at
cell–cell borders from the spinous to the granular layers, and its staining
intensity gradually faded out in the deeper layer. In the granular layer,
all the occludin-concentrated regions were ZO-1 positive.
Intense occludin signals were detected in the bulbar region of hair
follicles (Fig 3a). Close comparison of the occludin staining with the
phase contrast image indicated that occludin was concentrated at cell–
cell borders in Henle’s layer and cornifying cuticle of the inner root
sheath (Fig 3a, c, d). ZO-1 was coconcentrated with occludin in the
inner root sheath, and ZO-1 signal was also detected weakly in
the outer root sheath and intensely in the hair cortex and hair
matrix (Fig 3b).
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Figure 2. Occludin and ZO-1 show differential subcellular distributions
in mouse nose skin. Frozen sections of mouse nose skin were doubly stained
with anti-occludin MoAb (a) and anti-ZO-1 MoAb (b). Phase contrast images
were superimposed with those showing occludin staining (c). In the epidermis,
occludin was concentrated at cell–cell borders only in the most superficial zone
of the granular cell layer (a, c), whereas ZO-1 signal was detected in a much
broader zone from the spinous to the granular layers (b). Scale bar, 20 µm.
Figure 3. Occludin and ZO-1 show differential subcellular distributions
in the bulbar region of hair follicles in mouse nose skin. Frozen sections
of mouse nose skin were doubly stained with anti-occludin MoAb (a) and anti-
ZO-1 MoAb (b). Phase contrast images were superimposed with those showing
occludin staining (c). Occludin and ZO-1 were codistributed in the Henle’s
layer (d) and cornifying cuticle (arrows in a, c) in the inner root sheath. In
addition, ZO-1 was detected weakly in the outer root sheath (arrowheads in b)
and the hair cortex/matrix (*). Scale bars, (a–c) 20 µm, (d) 5 µm.
ZO-2 distribution in epidermis was also examined using frozen
sections of the rat footpad (Fig 4). In the epidermis, ZO-2 was
precisely colocalized with ZO-1. ZO-2 was concentrated at cell–cell
borders from the spinous to the granular layers, and weaker staining
was detected in the deeper layer.
Next, to understand the peculiar subcellular distribution of occludin
in the adult epidermis, we followed the developmental changes of
occludin distribution in the mouse epidermis. At E12.5, when the
epidermis consists of a single layer, occludin was clearly concentrated
at cell–cell borders of periderm cells (Fig 5a). At E14.5, occludin
staining was restricted in the cell–cell borders of flattened periderm
cells, and not in the basal cells (Fig 5b). The granular cell layer
differentiated at E15.5, but at this time it was not clear whether
occludin was concentrated at cell–cell borders in the granular cells
(Fig 5c). At E16.5, the occludin signal was evident from the cell–cell
borders in the granular cell layer, and the occludin-positive periderm
cell layer was sloughed off, leaving the occludin-positive granular layer
cells (Fig 5d). At E17.5, when the early hair bud was differentiated,
in addition to the granular cells, it was intensely stained with anti-
occludin MoAb (Fig 5e). After this stage, the epidermis gradually
became thickened, but the occludin concentration at the most super-
Figure 4. ZO-1 and ZO-2 are coconcentrated at cell–cell borders from
the spinous to granular cell layers in rat footpad skin. Rat skin was used,
because anti-ZO-1 MoAb was generated from mouse. Frozen sections of rat
footpad skin were doubly stained with anti-ZO-1 MoAb (a) and anti-ZO-2
pAb (b). In the epidermis, ZO-1 and ZO-2 were coconcentrated at cell–cell
borders from the spinous to the granular cell layers. Blood vessels were also
ZO-1/ZO-2 double-positive in the dermis. Scale bar, 20 µm.
ficial zone of the granular layer and at the hair follicles remained
(Fig 5f , g).
To identify occludin-containing structures in epidermis at the
electron microscopic level, we performed immunoelectron microscopy
on freeze-fractured replicas using E17.5 epidermis. Freeze-fracture
analyses identified the so-called focal strands or maculae occludentes,
i.e., spot tight junction-like structures, between adjacent granular cells,
as reported by Elias et al (1977), and anti-occludin MoAb exclusively
labeled these focal strands (Fig 6a–d). A continuous network of strands
encircling each cell (zonulae occludentes) was not observed.
DISCUSSION
Identification of mammalian occludin prompted us to analyze its
expression and subcellular distribution in various types of simple
epithelial cells (Ando-Akatsuka et al, 1996; Saitou et al, 1997); however,
no attention has been paid so far to occludin in stratified epithelial cells
such as epidermis. As shown in this study, occludin was concentrated at
cell–cell borders only in a restricted layer of epidermis, i.e., the most
superficial zone of the granular layer. This characteristic subcellular
distribution of occludin was commonly observed in various types of
stratified epithelial cells, such as the trunk and nose skin of mice
(Figs 2, 3, and 5), or the stratified epithelium in mouse tongue and
esophagus (data not shown) and in chicken skin (data not shown).
These findings suggest some physiologic function of occludin in
stratified epithelial cells.
Dual barrier and fence functions have been proposed for TJ in
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Figure 5. Occludin is concentrated at cell–cell borders of periderm of
early embryos, and at the time when the periderm sloughs off, occludin
appears at cell–cell borders in the most superficial zone of the granular
cell layer. Frozen sections from the skin at E12.5 (a), E14.5 (b), E15.5 (c),
E16.5 (d), E17.5 (e), newborn (f), and day 7.5 of after birth (g) were
stained with anti-occludin MoAb (upper panels). Phase contrast images were
superimposed with those showing occludin staining (lower panels). Occludin
signals were intense at cell–cell borders of periderm, a simple epithelial cell
layer (a–c), and when it soughed off occludin was clearly detected in the most
superficial zone of the granular cell layer of the remnant epidermis (d). Note
that the primordial hair follicles were intensely stained with anti-occludin
MoAb (e). Scale bar, (a–c) 12 µm, (d–g) 20 µm.
simple epithelial cells. Recently, occludin was shown to be directly
involved in both functions of TJ. Overexpression of chicken occludin
in Madin–Darby canine kidney cells resulted in an increase of the
trans-epithelial electrical resistance with a concomitant increase of the
number of TJ strands (McCarthy et al, 1996). Furthermore, the addition
of a synthetic polypeptide corresponding to the second extracellular
loop of chicken occludin in the culture medium completely downregul-
ated the trans-epithelial electrical resistance of cultured Xenopus
epithelial cells (Wong and Gumbiner, 1997). These findings indicated
the direct involvement of occludin in the barrier function of TJ. On
the other hand, Balda et al (1996) observed that transfection of truncated
chicken occludin lacking its carboxyl-terminal cytoplasmic domain
into Madin–Darby canine kidney cells, resulted in the destruction of
the ‘‘fence’’ between apical and basolateral membrane domains.
In the epidermis, TJ (or occludin) are expected to have no fence
function because apical or basolateral membrane domains are not
differentiated in these cells. Contradictory results regarding the barrier
function of TJ in the epidermis have been reported. Freeze-fracture
electron microscopy and tracer diffusion experiments demonstrated
that discontinuous or isolated focal strands were observed in the
granular cell layer, but that these strands in the epidermis were too
poorly developed to constitute an effective barrier (Squier, 1973; Elias
and Friend, 1975; Elias et al, 1977; Elias, 1996). The transepithelial
barrier of the epidermis was then thought to be due to the horny layer
or the intercellular lipids (lamellar bodies) (Elias and Friend, 1975;
Elias, 1996). In contrast, Hashimoto (1971) reported that the diffusion
of tracer injected subcutaneously was stopped at TJ-like structures of
the granular cell layer, suggesting the possible involvement of TJ in
the effective barrier between granular cells. As compared with peripheral
membrane proteins such as ZO-1 and ZO-2, occludin is a more
specific marker to TJ, and its expression correlates well with the
development of TJ in various types of simple epithelial cells (Saitou
et al, 1997). Actually, also in the epidermis, immunoreplica electron
microscopy revealed that focal strands (maculae occludentes) between
granular cells were exclusively labeled with anti-occludin MoAb. We
then conclude that the strands in maculae occludentes in the epidermis
Figure 6. Immunoreplica electron microscopy reveals that focal strands
(maculae occludentes) are labeled with anti-occludin MoAb in the
granular cell layer. Freeze-fracture replicas of mouse epidermis at E17.5 were
labeled with anti-occludin MoAb MOC60 (a) or MOC37 (b–d) followed by
anti-rabbit IgG-coupled to 10 nm gold. Various sizes of focal strands or maculae
occludentes were identified. Both well developed (a) and poorly developed
(b–d) focal strands were specifically labeled. GL, granular layer. Scale bars,
(a–d) 50 nm.
are identical to those in typical TJ in simple epithelial cells, and that
occludin is concentrated discontinuously between adjacent granular
cells. Interestingly, during embryogenesis, the granular layer-specific
distribution of occludin was clearly observed at the time of sloughing-
off of the periderm. Periderm is a simple epithelium bearing a typical
occludin-positive TJ, and functions as a primary barrier at the body
surface of early embryos. These findings led us to speculate that
occludin in the most superficial zone of the granular layer is functionally
involved in the barrier function of epidermis of early embryos to some
extent, and that with development the horny layer or the intercellular
lipids (lamellar bodies) gradually replace TJ as a barrier in epidermis.
In good agreement with this speculation, the upregulation of TJ in
the granular cell layer of the epidermis was found in Harlequin
ichthyosis, the most severe form of ichthyosis (Fleck et al, 1989). In
this disease, lamellar body secretion and/or keratinization is defective,
resulting in disruption of the horny layer-dependent barrier of the
epidermis (Weiss and Zelickson, 1975; Williams, 1992). Under such
pathologic conditions, TJ may compensate for the disrupted barrier
function of the epidermis.
The early hair bud was invaginated into the dermis at E17.5, in
which occludin began to be expressed. At day 7.5 of after birth,
occludin at the most superficial zone of the granular cell layer was
continuous to that at the cornifying inner root sheath that undergoes
terminal differentiation. Considering that occludin was not detected
in the outer root sheath at the bulbar region, which shows no
cornification (Hashimoto and Shibazaki, 1976), occludin expression in
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the hair follicles (and also in the epidermis) appears to be associated
with cornification.
In simple epithelial cells, ZO-1 is concentrated at TJ through its
direct binding to occludin, whereas in nonepithelial cells such as
fibroblasts and cardiac muscle cells it is colocalized with cadherins at
adherens junctions (Itoh et al, 1991, 1993; Jesaitis and Goodenough,
1994). ZO-2 shows an essentially similar distribution (Itoh et al, in
preparation). In the epidermis, ZO-1 and ZO-2 were colocalized with
occludin in the most superficial zone of the granular cell layer.
Interestingly, ZO-1 and ZO-2 were also concentrated at cell–cell
borders in the spinous cell layer where occludin was not detected. It is
then speculated that during the terminal differentiation of keratinocytes,
ZO-1 and ZO-2 were associated with the cadherin/catenin system in
the spinous cell layer, then transferred to occludin in the most
superficial zone of the granular cell layer. Clarification of the physiologic
significance of this peculiar behavior of ZO-1 and ZO-2 will be
important from the viewpoint of the keratinocyte differentiation.
This study shows the existence of occludin as well as ZO-1/ZO-2
in the skin, their differential expression patterns, and localization of
occludin at focal strands in the epidermis. Although further studies are
required to understand the roles of these molecules, especially in the
permeability barrier function of skin, these results provide insight to
skin physiology in general.
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